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Summary
In this study we investigated the dynamics of hepatocyte hyperplasia and hyper-

trophy in rats subjected to increasing sizes of partial hepatectomy (PH). A total

of 104 rats were randomized according to the size of PH. On postoperative days

(PODs) 1, 3 and 5, blood was drawn and the remnant liver removed for stereo-

logical analysis. Liver parameters and regeneration rate were significantly

affected by size of PH. On POD 1, hepatocyte volumes had increased signifi-

cantly in all PH groups. On POD 3, all groups showed hepatocyte volumes

approximating baseline. On POD 5, hepatocyte volumes were significantly lower

in PH (90) than in baseline, sham and PH (30) rats. Increasing hepatocyte prolif-

eration was not observed following PH (30). Following PH (70), cell prolifera-

tion was significantly elevated on PODs 1 and 3, and following PH (90) on

PODs 3 and 5. In conclusion, general hypertrophy of hepatocytes after different

size of PH was followed by hepatocyte proliferation only in the liver remnant of

PH (70) and PH (90).

KEYWORD S

hepatic surgery, hepatocyte hyperplasia, hepatocyte hypertrophy, liver regeneration, posthepatectomy

liver failure

1 | INTRODUCTION

Partial hepatectomy (PH) remains an important treatment
option for both primary and secondary liver malignancies,
both of which are increasing worldwide.1,2 Up to 75% can
be resected in healthy humans leaving a future liver rem-
nant (FLR) of 25%. Exceeding this limit may result in pos-
thepatectomy liver failure (PHLF), which is a severe
condition, associated with a high morbidity and mortality.3

In rats, the minimal size of FLR is approximately 10%.4,5

Evolution has equipped the healthy liver with a unique
ability to regenerate in response to loss of parenchyma,
such as is seen after PH. Initiation, progression and termi-
nation of liver regeneration are complex processes involv-
ing a magnitude of pathways. Regeneration terminates
rather precisely when the normal liver‐to‐body weight ratio
is restored, that is, the organ has regained its original size.
The overall regulator orchestrating these complex processes
can be termed the hepatostat, and much is still to be
learned about how it functions.6 The size of an organ is the
result of both cell number and cell size.7 Recently, it has
been proposed that liver regeneration is in most cases the
result of both hepatocyte hyperplasia and hypertrophy.8
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After minor PH of 30% in mice, it seems that hypertrophy
alone is responsible for the restoration of lost liver mass.
When performing larger PH of 70%, it has been shown that
hypertrophy precedes proliferation and, at termination of
liver regeneration, half of the regeneration is due to hyper-
trophy, the other half being due to cell proliferation.8 How-
ever, the relationship between hypertrophy and proliferation
and how it is affected by minimal size FLR (MSFLR) and
PHLF has not been studied.

In this study we aimed, by unbiased stereological methods,
to investigate the regenerative dynamics of hyperplasia and
hypertrophy in the rat liver following increasing PH (30%,
70% and 90%), the latter being close to the limit for the FLR.

2 | METHODS

2.1 | Animals

Healthy 10‐week‐old male Wistar rats (M&B Taconic, Eiby,
Denmark) with a mean weight of 206 g (range: 145‐239)
were housed in standard animal laboratories, with the tem-
perature maintained at 23°C, an artificial 12‐hour light‐dark
cycle, and with free access to food and water. The rats were
kept in the animal facilities until the end of the experiment.

2.2 | Ethical approval

The experimental protocol was approved by the Danish
Animal Research Committee, Copenhagen, Denmark (li-
cense number: 2012‐15‐2934‐00591). Animals received
care in accordance with the Guide for Care and Use of
Laboratory Animals published by the US National Insti-
tutes of Health.

2.3 | Study design

In total, 104 male Wistar rats were randomized in blocks
of 5 according to the size of partial hepatectomy to be per-
formed: PH (30) (n = 24), PH (70) (n = 24), PH (90)
(n = 24), sham (n = 24) and baseline (n = 8). Each group
(not baseline) was further block‐randomized into 3 sub-
groups according to the day of euthanization: postoperative
days (PODs) 1, 3, and 5 (n = 8 per group)(Figure 1) in
accordance with a previous study conducted by this study
group presenting the natural history of liver regeneration in
rats subjected to PH (70) PH.9

2.4 | Surgical procedure

The surgical procedure was performed as described in an
earlier publication by our group.10 In brief, when perform-
ing PH (30), the left lateral lobe (LLL) was resected. In
PH (70), the LLL and the ML were resected. In PH (90),

the right lobes (RL), ML and LLL were resected, leaving
only the two caudate lobes (posterior caudate lobe (PCL),
anterior caudate lobe (ACL)) intact.5

2.5 | Tissue sampling

In the morning of PODs 1, 3, or 5, the rats were anaes-
thetized and a laparotomy was performed through the pre-
vious incision. Blood samples were collected from the
heart by cannulation. Animals were then euthanized by cer-
vical dislocation under anaesthesia. The remnant liver was
removed, and the PCL was fixed in phosphate‐buffered for-
malin for 24‐48 hours.

2.6 | Biochemical analyses

Alanine aminotransferase (ALT), alkaline phosphatase
(AP), haptoglobin (HP) and bilirubin (BR) levels were
measured using Modular P (Roche Diagnostics, Mannheim,
Germany).

Prothrombin‐proconvertin ratio (PP) was measured
using automated coagulation analyser Sysmex CS2100i
(Sysmex©, Tokyo, Japan).

2.7 | Regeneration rate

Liver weight dynamics were evaluated by the hepatic regen-
eration rate (RR) as described previously by our group10:

RR ¼ LWremn=BWeuth

ELWpre op=BWpre op
� 100

BWpre op = body weight preoperatively. BWeuth = body
weight at euthanization.

The preoperative estimated liver weight (ELWpre op)
was calculated from the resected liver weight as

ELWpre op ¼ LWresect

size of PH
� 100:

2.8 | Stereology

2.8.1 | Tissue preparation

The formalin‐fixed PCL was cut into 2.25‐mm‐thick parallel
slabs using a razor blade tissue slicer and placed with the
same side up before being embedded in paraffin.11 30‐μm
sections were cut from each paraffin‐embedded block, provid-
ing systematic uniformly random sampling (SURS) sections
for immunohistochemical staining and further analysis.12

2.8.2 | Immunohistochemistry

The Ki‐67 antigen was used as marker of cell prolifera-
tion.13 The 30‐μm‐thick tissue sections were deparaffinized
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and boiled in Tris‐EGTA buffer, pH 9, for heat‐induced
epitope retrieval. Monoclonal mouse anti‐rat Ki‐67–specific
antibody (clone MIB‐5, isotype IgG1; Dako, Glostrup,
Denmark) diluted at 1:20 was used as the primary anti-
body. Sections were incubated with the primary antibody
for 4 days at 4°C and washed, and positive signals were
visualized using the EnVision þ horseradish peroxidase–la-
belled anti‐mouse detection system (Dako). The sections
were counterstained with haematoxylin.

To visualize the hepatocyte cell membrane, 30‐μm‐thick
paraffin sections were deparaffinized. Following an in‐
house protocol, monoclonal NCL‐β‐catenin (Novocastra™,
Newcastle, UK) with added diluent (Dako, Glostrup, Den-
mark) 1:50 was used as the primary antibody (incubation
time: 32 minutes). The sections were counterstained with
haematoxylin (incubation time: 8 minutes).

2.8.3 | Quantitation

All sections were blinded to the examiner. Stereological
analysis was performed using an Olympus BX50 micro-
scope modified for stereology with a motorized stage
(Märzhäuser Wetzlar MFD, Germany) and a digital camera
(Olympus DP70) connected to a computer running newCast
version 6.4.1.2240 (Visiopharm, Hørsholm, Denmark).

Hepatocellular proliferation was quantified as described
in detail previously.10 In brief, the optical fractionator
method was used to count Ki‐67 positively stained hepa-
tocyte nuclei in each tissue section. From this, we were
able to calculate the total number of Ki‐67–positive cells
in each PCL.

Hepatocyte volume was measured using the isotropic
planar rotator14 applied on each of the disector‐sampled
hepatocytes (Figure 2 A‐C). Microscopy was performed
using a 60× oil objective lens (Olympus PlanApo 60x/1,40
Oil, Japan). In each section, a mean of 25 counting frames
(75 × 55 μm2) and an average of 50 hepatocytes were sam-
pled for hepatocyte mean volume estimation (Vi). Positive
hepatocytes were defined as a hepatocyte with a clear beta‐
catenin–stained cell membrane (dark‐red) and a counter-
stained (grey) oval nucleus in focus (Figure 2 A‐C). The
software made the calculation of the individual hepatocyte
volume Vi. To get the mean volume of hepatocytes in a
section (Vmean), the following formulas were used:

VmeanðlogðViÞÞ ¼
X

logððViÞ � ðti=hiÞÞ=
X

ðti=hiÞ

Vmean(log(Vi)) is a logarithmic calibrating constant, ti is
the section thickness and hi is the optical disector height.

Vmean ¼ 10VmeanðlogðViÞÞ

The comparison of Vmean between the rat groups assumes
equal shrinkage of hepatocytes in the paraffin sections.

2.9 | Statistical analysis

Data were tested with regression analysis using STATA

v.13.1 (StataCorp, College Station, TX, USA) and pre-
sented as mean values given with a 95% confidence inter-
val (CI). P‐values < 0.05 were considered significant.

3 | RESULTS

3.1 | Mortality and morbidity

In total, ten animals were excluded before evaluation (four
rats, found dead; six rats, euthanized because of General
Distress Score (GDS) ≥ 10). The distribution was as fol-
lows: PH (70) on POD 3: one rat; PH (90) on POD 3: five
rats; and PH (90) on POD 5: four rats. None of the autop-
sies revealed identifiable cause of morbidity or mortality.
To fill up the groups (n = 8), the excluded animals were
replaced in an unbiased, randomized manner.

3.2 | Body weight

On POD 1, a weight loss was observed in all groups. Later
in the study period, on POD 3 and POD 5, body weight
was significantly lower in the PH (90) group compared
with all other groups (P < 0.001).

FIGURE 1 Study design: 104 male Wistar rats randomized into
5 groups according to the type of hepatectomy. Further randomization
by time of euthanization: postoperative days (POD) 1, 3, and 5
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3.3 | Liver‐specific biochemistry

The biochemical dynamics are shown in Table 1. ALT
levels were elevated after operation on POD 1 in all PH
groups with the highest levels seen according to the
increasing size of PH. On POD 3 and POD 5, all levels
had declined to baseline with no difference between
groups. (Table 1). BR was significantly elevated in the PH
(90) group compared with all other groups on POD 1
(P < 0.001) and POD 3 (P < 0.001), before returning to
baseline level on POD 5. After PH (90), PP dropped dra-
matically on POD 1 compared with all other groups
(P < 0.001). At POD 5, PP was nearly normalized for all
groups.

3.4 | Regeneration rate

RR following PH (90) increased significantly throughout
the postoperative period with a RR of 82.2% (CI: 73.0;
91.3) at POD 5; significantly comparable with PH (30)
(mean: 88.5, CI: 79.2; 97.9) and PH (70) (mean: 91.6,
CI: 82.3; 100.9) at POD 5 (P ≥ 0.104) (Table 2).

3.5 | Hepatocyte proliferation

No significant increase in hepatocyte division was
observed following PH (30) compared with sham‐oper-
ated rats. After PH (70), the number of Ki‐67–positive

cells was significantly elevated on POD 1, followed by a
peak on POD 3. The number of Ki‐67–positive cells
declined to baseline levels on POD 5. In the PH (90)
group, the response was delayed, with no increase in Ki‐
67–positive cell profiles on POD 1. However, on POD 3
and POD 5, cellular division was significantly increased
compared with sham animals. Raw mean values are pre-
sented in Table 2.

(A)

(B)

(C)

FIGURE 2 Beta‐catenin–stained, thick (30 μm) paraffin section
presenting the steps involved in measuring the volume of a hepatocyte
by the planar rotator. The counting frame is displayed (75 × 55 μm2);
red and green lines are, respectively, exclusion and inclusion lines. The
universal sampling rule states that a particle is sampled if it is entirely
contained within the counting frame or if it touches an inclusion line
without touching an exclusion line (14). In the present study, the object
of interest was a hepatocyte with a clear beta‐catenin–stained cell
membrane (dark‐red) and a counterstained (grey) oval nucleus in focus;
the sample unit was the nucleus (A). From the top of the section, the
microscope was focused 2 μm down, disregarding otherwise includable
hepatocyte nuclei to avoid distortion and irregularity from the surface,
as well as lost caps. Subsequently, hepatocyte nuclei coming in to
focus when focusing the microscope down through the disector height
(12 μm) were sampled according to the sampling rule. The planar
rotator was applied as follows: through the middle of the nucleus, the
longest axis of the hepatocyte (A) was marked. Intersections between
the longest axis and the hepatocyte cell membrane were marked
defining the cell “height” (B). The software generated uniform, random
and parallel test lines perpendicular to the longest hepatocyte cell axis
(C). Intersections between these test lines and the hepatocyte cell
membrane were marked (C), defining the distance of the intercepts at
both sides of the axis. The software calculated the volume of the
hepatocyte [Colour figure can be viewed at wileyonlinelibrary.com]
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3.6 | Hepatocyte volume

On POD 1, hepatocyte volume was greater in the three PH
groups compared with the sham group. The largest

hepatocyte volumes were found with increasing size of PH
(Table 2) with significant differences between sham and
the PH groups: (PH (30): P = 0.026; PH (70): P < 0.001;
PH (90): P < 0.001), and between PH (30) and PH (70)

TABLE 1 Liver‐specific biochemistry. Mean (95% CI)

30% partial hepatectomy 70% partial hepatectomy

POD 1 POD 3 POD 5 POD 1 POD 3 POD 5

Alanine
aminotransferase, U/L

288 (198,378) 52 (44,60) 47 (39,55) 614 (269,959) 79 (60,98) 44 (37,50)

Alkaline
phosphatase, U/L

230 (196,264) 103 (170,217) 220 (181,261) 423 (374,471) 376 (310,442) 218 (184,252)

Bilirubin, μmol/L <5.0 (‐) <5.0 (‐) <5.0 (‐) <5.0 (‐) 5.1 (4.8,5.4) <5.0 (‐)

Haptoglobin, g/L 0.37 (0.27,0.48) 0.43 (0.29,0.57) 0.31 (0.25,0.36) <0.17 (0.16,0.18) 0.34 (0.24,0.45) 0.44 (0.32,0.56)

Prothrombin‐
proconvertin ratio

0.33 (0.30,0.36) 0.32 (0.30,0.33) 0.32 (0.30,0.34) 0.20 (0.18,0.23) 0.28 (0.25,0.31) 0.31 (0.24,0.37)

90% partial hepaectomy Sham
Baseline

POD 1 POD 3 POD 5 POD 1 POD 3 POD 5 Pre‐OP

Alanine
aminotransferase,
U/L

2034 (1652,2416) 136 (98,173) 51 (39,62) 65 (13,117) 44 (34,54) 48 (43,52) 34 (29,37)

Alkaline
phosphatase, U/L

707 (569,844) 723 (560,886) 327 (281,372) 187 (146,227) 177 (147,207) 182 (150,213) 230 (190,269)

Bilirubin, μmol/L 49.3 (32.4,66.1) 11.6 (8.2,15.0) <5.0 (‐) <5.0 (‐) <5.0 (‐) <5.0 (‐) <5.0 (‐)

Haptoglobin, g/L <0.17 (‐) 0.21 (0.12,0.30) 0.42 (0.25,0.59) 0.45 (0.37,0.52) 0.29 (0.23,0.35) 0.35 (0.27;0.43) <0.17 (‐)

Prothrombin‐
proconvertin
ratio

0.07 (0.06,0.09) 0.23 (0.20,0.25) 0.29 (0.25,0.32) 0.41 (0.37,0.44) 0.34 (0.32,0.36) 0.36 (0.32,0.41) 0.36 (0.33,0.38)

TABLE 2 Raw mean values by group of hepatocyte volume, total number of proliferating hepatocytes, prothrombin‐proconvertin ratio and
regeneration rate

Hepatocyte volume μm3
Total number of proliferating
hepatocytes E−5

Prothrombin‐proconvertin
ratio Regeneration rate %

PH (30) POD 1 5762 (5100,6423) 10.6 (4.67,16.6) 0.33 (0.30,0.36) 83.2 (73.4,93.2)

POD 3 4984 (4608,5360) 9.14 (4.05,14.2) 0.32 (0.30,0.33) 83.5 (75.0,92.1)

POD 5 5238 (4839,5637) 15.4 (10.5,20.2) 0.32 (0.30,0.34) 88.5 (79.2;97.9)

PH (70) POD 1 6787 (6257,7317) 80.3 (46.7,114) 0.20 (0.18,0.23) 55.7 (50.6,60.8)

POD 3 5060 (4696,5424) 132 (109,155) 0.28 (0.25,0.31) 79.9 (72.0,87.8)

POD 5 4888 (4286,5489) 20.7 (7.95,33.3) 0.31 (0.24,0.37) 91.6 (82.3,101)

PH (90) POD 1 7035 (6546,7523) 6.19 (3.17,9.21) 0.07 (0.06,0.09) 33.0 (29.7,36.3)

POD 3 4691 (4271,5111) 252 (228,276) 0.23 (0.20,0.25) 64.2 (52.0,76.4)

POD 5 4247 (3681,4814) 128 (68.5,186) 0.29 (0.25,0.32) 82.2 (73.0,91.3)

Sham POD 1 4960 (4331,5589) 0.32 (0.21,0.43) 0.41 (0.37,0.44) NA

POD 3 5034 (4486,5581) 0.36 (0.15,0.56) 0.34 (0.32,0.36) NA

POD 5 5005 (4357,5654) 0.54 (0.33,0.76) 0.36 (0.32,0.41) NA

Baseline 5247 (4726,5767) 7.23 (5.14,9.32) 0.36 (0.33,0.38) NA

PH, partial hepatectomy; POD, postoperative day.
Values are given with a 95% confidence interval.
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(P = 0.004), and between PH (30) and PH (90)
(P = 0.001). On POD 3 and POD 5, all groups showed
hepatocyte volumes approximating baseline levels, how-
ever, with a significant difference on POD 5 between base-
line and PH (90) (P < 0.001), sham and PH (90)
(P = 0.032), and PH (30) and PH (90) (P = 0.004).
Dynamics of mean hepatocyte volume for all groups are
shown in Figure 3.

As depicted in Figure 4, data on hypertrophy of the
hepatocytes were related to the proliferation of the hepato-
cytes, and the hepatocyte function judged by PP and the
RR. The maximum mean hepatocyte volume was reached
by PH (90) at POD 1, whilst maximum proliferation was
reached by PH (90) at POD 3. During the early postopera-
tive period, hepatic function in the PH (90) group, as
measured by PP, was significantly reduced compared with
all other groups (P < 0.001). The raw mean values for
each parameter are presented in Table 2.

4 | DISCUSSION

In this experimental rat study, we demonstrate that the regen-
erative dynamics of hepatocyte volume and proliferation dif-
fers with the extent of PH. Following PH (30), only
hepatocyte hypertrophy is induced, whilst hepatocyte hyper-
trophy after PH (70) and PH (90) is followed by proliferation.

At POD 1 after different size of PH, we found increas-
ing hepatocyte volume in all three PH groups. The increase
was proportional to the size of PH, however, not signifi-
cantly different between PH (70) and PH (90). Miyaoka et
al investigated hepatocyte size in mice after PHs of 30%
and 70%.8 They found that hepatocyte volume increased
1.5‐fold after both types of PH. Unfortunately, they did not
include mice undergoing 90% PH in their study. There are
several possible explanations for the discrepancy between
their results and the results in the present study. Firstly,
they conducted their experiments in mice and not rats. Sec-
ondly, they estimated hepatocyte volumes at POD 2 and
POD 5. Thirdly, they used an indirect method (an imaging
cytometric approach) for hepatocyte volume estimation.8

We believe that the unbiased stereological methods we
used in our study are superior, as they allow very precise
determination of both cell size and number, as has been
demonstrated in studies of many other organs.15

At POD 5, hepatocyte volume following PH (30) and
PH (70) approached baseline levels. In the group of PH
(90), however, hepatocyte volume was further reduced
below baseline values. One explanation for this could be
that proliferation in the PH (90) group takes place at such
a high rate that the newly formed hepatocytes are unable to
synthesize enough cytoplasm to obtain the same volume as
mature cells. This is, however, speculative, as investigation
into the matter has not been reported in the literature.

With decreasing hepatocyte volume in all PH groups in
the later postoperative period, the remaining hepatocytes of
PH (70) and PH (90) proliferated. Notably, the inducement

FIGURE 4 Hypertrophy and proliferation of the hepatocytes normalized to the maximum potential (90% PH POD 1 resp. POD 3) in
relation to the regeneration rate and liver function (PP) by size of hepatectomy pre‐ and postoperative. Red bar: normalized mean cell volume;
blue bar: normalized number of Ki‐67–positive hepatocytes; black line: regeneration rate; and dashed line: prothrombin‐proconvertin ratio
normalized to baseline [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Mean hepatocyte volume by size of hepatectomy
pre‐ and postoperative with 95% CI. Blue line: PH (30); green line:
PH (70); red line: PH (90); orange line: sham; and grey line: baseline
[Colour figure can be viewed at wileyonlinelibrary.com]
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of proliferation was counterbalanced between the two
groups; an inducement at POD 3 after PH (90) was delayed
compared to the increase at POD 1 following PH (70). For
both groups, a proliferative peak was seen at POD 3, in
parallel to a decreasing hepatocyte volume. We suggest that
the division of each hepatocyte may be an obvious and
simple explanation for the reduction in hepatocyte volume.

In this study, we also assessed liver regeneration and
liver remnant function, by calculating the RR, and by mea-
suring PP, respectively. In the PH (30) group, liver resec-
tion had no major impact on either RR or PP. However, in
the PH (70)‐ and PH (90) groups, hepatectomy had a major
impact on both parameters. Thus, PP decreased on POD 1
to 60% and to 20% of initial values in the PH (70)‐ and
PH (90) groups, respectively. This suggests impaired syn-
thetic capacity of the liver remnant, especially in the PH
(90) group. Subsequently, PP increased in both groups
resulting in nearly normal function on POD 5. RR
increased steeply in both the PH (70)‐ and PH (90) groups,
starting on POD 1 and continuing until POD 5. These
results are comparable with those reported by Inderbitzin D
et al.16 In their study on mice, they found that relative liver
weight increased proportionally to the amount of parench-
yma resected.16 In our study, the dynamics of the curves
for RR and PP in all resected groups were nearly identical,
emphasizing the need for a normal synthetic activity to
allow the liver to regenerate.

A simple explanation for liver dysfunction is most
likely the highly reduced number of hepatocytes. Even
though the functional capacity of each hepatocyte is fully
optimized, this seems insufficient to maintain normal liver
function. Hepatocytes need to be able to pass nutrients and
gasses in and out of the cell in order to maintain homeosta-
sis. Most of these processes occur passively along a con-
centration gradient. However, concentration gradients in the
cytoplasm are not as great as those seen across the cell
membrane, thus slowing down diffusion within the cell.
Speculatively, an increase in cytoplasmic volume may in
this sense have a negative influence on cell function.

As demonstrated by Kim RD et al, swelling of hepato-
cytes seems to stimulate activation of intracellular transcrip-
tion factors leading to proliferation.17 Our study indicates
that swelling and hypertrophy have to exceed a certain
threshold to induce proliferation. This speculation is based
on our results showing that a maximal volume increase of
1.2‐fold after PH (30) was not followed by a proliferative
response, whereas a fold increase of 1.4 after both PH (70)
and PH (90) was followed by hepatocyte proliferation.

We are the first to study hypertrophic and proliferative
changes after the extensive PH (90). We used the proven PH
model first described by Higgins & Anderson in 193118 and
believe that the extended PH (90)‐model mimics liver failure
when evaluated at POD 1 (high BR and low PP).

As already stated, a major strength of our study is that
we are the first to use unbiased stereological methods to
assess adaptive changes in hepatocytes after increasing size
of PH. Unlike standard pathological evaluation of liver
pathology, quantitative information about a three‐dimen-
sional structure is obtainable from 2D tissue samples in an
unbiased and randomized manner (Ref:11: A review of
state‐of‐the‐art stereology… + Boyce RW et al19: Design-
based stereology: introduction to…).

A weakness of the study is the selection of rats, that is, ten
animals were excluded before evaluation, four being found
dead and six being euthanized because of GDS ≥ 10. All the
excluded rats had an autopsy performed. In no case did this
reveal an identifiable cause of morbidity or mortality. Nine of
the excluded rats belonged to the PH (90) group, and all of
them were replaced. In this sense, there is a selection of rats
evaluated after 90% PH, that is, only rats not dying of PHLF
or for other reasons were included in the study. It would of
course also have been interesting to include rats dying of
PHLF in our analysis. Unfortunately, this was not possible.

Many different methods have been proposed to evaluate
hepatic function.20 In this study, we used the PP as a marker
of the liver's synthetic function21,22 and BR as a marker of
liver excretory function. We chose these biochemical mark-
ers for evaluating liver function as they are often used and
widely accepted in a biochemical definition of liver failure
with high BR and low PP. Preferably, such indirect biochem-
ical markers of liver function are a supplement to direct rat
liver function assessment such as the well‐established tests
of galactose elimination capacity (GEC) and capacity of
urea‐nitrogen synthesis (CUNS) (Hansen and Poulsen23: The
capacity of Urea‐N…). A bigger range of liver function
assessments was, however, not the primary aim of this study.

Overall, in the study of Miayoka et al, they are proposing
a revised model of liver regeneration with a first response to
the loss of liver mass where hepatocytes enlarge which is suf-
ficient for the loss of 30%. In the case of PH (70), hypertro-
phy is not sufficient to explain why hepatocytes in a second
response proliferate. Overall, our findings support this pro-
posal. However, our results do suggest that the hypertrophic
response to PH (70) is not replaced by a response of prolifer-
ation but may occur simultaneously around POD 1. We add
new knowledge to the field of Miyaoka et al and report the
dynamics of hepatocyte hypertrophy and proliferation after
the extensive PH (90). Our results suggest that the hyper-
trophic dynamics after PH (90) follows that of minor PHs
with an early increase and peak at POD 1; however, the more
pronounced the bigger PH. The second proliferative response
to major PH suggested by Miyaoka et al may in our study be
the case after PH (90)—not absolutely after PH (70).

In conclusion, general hypertrophy of hepatocytes after dif-
ferent size of PH was followed by hepatocyte proliferation
only in the liver remnant of PH (70) and PH (90).
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Understanding the mechanisms of liver regeneration following
PH is important to potentially improve outcome after curative
intended PH for liver malignancy. In this study, we present
new knowledge on the hypertrophic and hyperplastic regener-
ative dynamics of the 10% MSFLR on the brink of liver fail-
ure. It may be important knowledge for future studies to take
into account trying to understand the mechanisms of the
regenerative process in general and the recovering and sur-
vival after extensive PH and potential liver failure in specific.
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